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Insoluble microparticles in ice cores are related closely to the transportation of eolian dust, and thus are important natural me-
dia to reconstruct climate change. In this study, we conducted a systematic mineral-magnetic investigation of insoluble micro-
particles in the Nojingkangsang ice core (29°2.1′N, 90°11.88′E, 5950 m) from the Southern Tibetan Plateau. Results indicate 
that the dominant magnetic mineral is magnetite, and its concentration has grown significantly since the 1980s, which coin-
cides with trends in climate warming of the Tibetan Plateau. Influenced by regional warming, the glacial recession around 
Nojingkangsang shortens the distance between the dust source and glacial areas and thus increases the concentration of 
coarse-grained magnetic minerals in ice cores. However, the frequency of dust storms, associated with annual precipitation, 
could play only a regulatory role on the magnetic content over yearly (or seasonal) time scales. Therefore, using a new ap-
proach, the magnetic index of insoluble microparticles in ice cores of this region is seen as mainly reflecting trends in climate 
warming.  
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Ice cores, faithful recorders of climate change or environ-
mental variation, both natural and man-made, play a signif-
icant role in studying global climate change [1]. Insoluble 
microparticles (IM), an important composition of ice cores, 
are the insoluble fractions of the atmospheric aerosol that 
have been deposited on the surface of ice sheets or moun-
tainous glaciers [2]. The content of IM in ice core strata has 
been found to be correlated closely with changes in the en-
vironment.  
Variations of the IM concentration can be used for dating. 
For example, the upper core of Dasuopuo was annually 
dated with IM and 18O stratigraphy [3]. Moreover, IM 
concentrations can be also used as environmental proxies. 
Both Petit et al. [4] and Angelis et al. [5] discovered that the 
concentration of polar cores reached its peak during the last 
glacial maximum, but with varying amplitudes larger than 
that in Tibetan Plateau ice cores [6], which may be attribut-
ed to the different climatic patterns between these two re-
gions [7]. Moreover, grain size and mineral composition of 
IM are often applied for source discrimination. Thompson 
et al. [8] found that grain size distributions of IM can dis-
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tinguish the origin of regional and global dust. Studies on 
the mineral composition in Vostok ice cores suggested that 
southern Australia dust sources have been of major im-
portance, indicating that the Vostok glacial areas might 
have been affected by air masses differently from other 
Antarctic regions [9]. Further studies found that the IM ab-
normality is usually linked with extreme events, such as 
volcanic eruptions [10, 11].  
Previous studies on IM focused mainly on non-magnetic 
properties, such as grain size, concentration, geochemical 
index, the record of extreme events, the correlation between 
IM and soluble particles [2, 12–14], and only a few attempts 
have been made using rock magnetic approaches, although 
rock magnetism, characterized by its sensitivity, facility, 
and non-destructiveness, has been successfully applied in 
loess, lacustrine and marine sediments research [15, 16]. 
Lanci et al. [17] measured the isothermal remanent magnet-
ization (IRM) of ice cores at 77 K. Furthermore, Lanci et al. 
[18] found that the IRM at 77 K and dust concentrations 
correlated well. In addition, there is a background value that 
is probably due to super-paramagnetic particles from cos-
mic dust [19]. In the EPICA-Dome C ice core of the Ant-
arctic, the concentration and category of magnetic mineral 
reflected by the IRM at 77 K are different between glacial 
and inter-glacial periods [20]. However, the above magnetic 
research measured the whole ice core at 77 K rather than the 
IM directly. Sahota et al. [21] conducted a direct magnetic 
study of IM in Greenland and southern Tibetan Plateau ice 
cores. Based on the result, they inferred that the IM in Ti-
betan Plateau ice cores may be taken directly for magnetic 
analysis as ice cores contain plenty of dust.  
Compared with other Tibetan ice cores, there are some 
distinct dirty layers in those from Nojingkangsang, the ice 
cores being annually dated. The former studies indicated 
that black carbon from human activity may play an im- 
portant role in glacial retreat [22], and the IM partially  
originated from local sources in Nojingkangsang [23]. All  
the above observations provide a platform for further study;  
therefore, we first test the feasibility of rock magnetism in  
studying IM in Nojingkangsang ice cores, and then discuss  
its environmental significance. 
1  Samples and methods 
Nojingkangsang (the highest peak in the Lhagoi Kangri  
range, southern Tibetan Plateau) is located on the north side  
of the Himalayas, which lies in distinctive rain shadow. The  
annual precipitation is about 300 mm. Thus, the region of  
Nojingkangsang possesses a puna and semiarid climate  
where sub-alpine meadow and semiarid mountain pastures  
have widely developed. The westerly winds and the Indian  
monsoon prevail in this region. 
In the winter of 2007, a 56 m ice core (292.1′N,  
9011.88′E, 5950 m) (Figure 1) of Nojingkangsang was  
recovered by a scientific expedition team from the Institute  
of Tibetan Plateau Research, Chinese Academy of Sciences.  
With the distinct dirty layers and  activity peak identified  
between depths of 23.5 m and 23.9 m within this core as  
being formed in 1963 A.D., the 56 m ice core could then be  
annually dated, and spans the period 1854–2007 A.D. [22].  
About one quarter of the core was sampled into 56 samples  
at ~1 m resolution. The outer ~5 mm of each sample was  
removed using a pre-cleaned copper knife and the remain- 
der was weighed. Before sampling, all facilities were re- 
peatedly cleaned with ultra-pure water (Milli-Q, 18 M).  
All sampling procedures were performed in a cold (5°C)  
clean room. The extraction of insoluble particles was made  
in a class 100 clean room. Samples were immediately melt- 
ed naturally. IM were filtered from the solution using filter  
 
 
Figure 1  Map showing the location (red circle) of the Nojingkangsang ice core. The red and blue arrows indicate the Indian monsoon and the westerly 
winds, respectively. 
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paper with a bore diameter of 0.8 m produced by What-
man Nuclepor Track-Etched Membranes. Next, the dried 
IM were wrapped closely in a clean plastic sheet.  
Remanent magnetization was measured with a cryogenic 
magnetometer system (2G Enterprises model 760R) with an 
in-line alternating-field (AF) demagnetizer, which sits in a 
magnetically-shielded room. Anhysteretic remanent mag-
netization (ARM) was imparted by superimposing a DC 
biasing field of 50 T on a smoothly decreasing AF with a 
peak field of 100 mT. Isothermal remanent magnetization 
(IRM) was given by a pulse magnetizer (2G model 660). 
IRM acquired in inducing fields of 0.3 T (hereafter termed 
IRM300 mT), and 1 T (IRM1 T, regarded as saturation IRM 
(SIRM) in this paper), was used to calculate the S-ratio 
(IRM300 mT/SIRM), which reflects the relative content of 
low or high coercivity magnetic minerals. Then, the IRM 1 T 
(SIRM) was further demagnetized at peak alternating field 
(AF) of 100 mT, denoted as SIRMAF@100 mT. 
Hysteresis parameters, including the saturation magneti-
zation (Ms), saturation remanence (Mrs), coercivity (Bc), and 
the coercivity of remanence (Bcr), were measured on a Vi-
brating Sample Magnetometer (VSM 3900). High-tempera-      
ture magnetization measurements (Ms-T curves) were per-
formed in an argon atmosphere using a magnetic measure-
ments variable field translation balance by continuous ex-
posure of samples through temperature cycles from room 
temperature to 700°C and then cooled to room temperature. 
The applied field strength was 1 T. 
The scanning electron microscope and energy dispersion 
X-ray (SEM/EDX) were employed on several representative 
samples to examine morphology and chemical composition 
of Fe-bearing grains in IM. Before performing the SEM/EDX 
experiments, magnetic extracts of the selected samples were 
obtained using a high-gradient magnet. 
2  Result analyses 
2.1  The grain size analysis 
The ratios of Mrs/Ms and Bcr/Bc are commonly plotted on a 
so-called ‘Day plot’ to determine the dominant domain state 
of the ferromagnetic materials [24–26]. The ratios for the 
IM are generally located in the pseudo-single-domain (PSD) 
region (Figure 2), which indicates that the grain size of fer-
romagnetic materials is relatively coarse. 
To further analyze magnetic grain size of the IM, the 
correlation diagram of ARM/SIRM is obtained (Figure 3(a)). 
In general, finer particles will yield higher ARM/SIRM [27]. 
Figure 3(a) shows that the value of ARM/SIRM is relatively 
low and remains steady with time, demonstrating that the 
magnetic grain size for the IM is uniformly large. 
2.2  Magnetic mineral analyses 
Relative abundance variations of ferromagnetic and anti- 
 
Figure 2  Day-plot for selected samples. 
 
Figure 3  (a) ARM/SIRM; (b) S-ratio; (c) SIRMAF@100 mT/SIRM. 
ferromagnetic minerals are commonly semi-quantified us-
ing the S-ratio [15, 16]. Values approach unity indicating 
that the remanence is dominated by soft ferrimagnets, such 
as magnetite. The S-ratio for the IM ranges between ~0.85 
and 1 (Figure 3(b)), suggesting that soft ferromagnetic  
mineral fraction dominates the remanence. 
AF demagnetization of SIRM reflects the magnetic 
hardness of a material as well. Deng et al. [28] used the 
SIRMAF@100 mT/SIRM to quantify the abundance of hematite 
(antiferromagnetic) in soils. Our result shows that 
SIRMAF@100 mT/SIRM in ice core samples is between ~0.03 
and 0.09 (Figure 3(c)), indicating that the remanence is 
mainly dominated by soft ferromagnetic.  
Ms-T curves provide useful information about magnetic 
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mineralogy [29]. The Ms-T curves of the representative 
samples are shown in Figure 4. For the relatively high-      
magnetic sample njgs2 (Figure 4(a)), Ms decreases slowly 
during the heating, and exhibits a swoop up to 580°C, indi-
cating the presence of magnetite in samples. However, the 
Ms-T curves for the weakly magnetic sample (Figure 4(b), 
(c)) show a remarkable peak at above 300°C on the heating 
curves, and then the curves decrease steadily until the se-
cond peak appears between 450°C and 510°C, which may 
be caused by neoformation of magnetite from iron-con-      
taining silicate clays [30]. Up to 580°C, Ms declines steeply, 
suggesting the existence of magnetite, and then Ms falls to 
zero near 700°C (Figure 4(e)), which suggests the occur-
rence of hematite in the weak-magnetic samples. All cool-
ing curves of the representative samples show a remarkable 
hump after 580°C, much higher than the heating curves, 
suggesting the neoformation of magnetite. Considering the 
above remanence analysis, the dominant magnetic mineral 
is found to be magnetite. 
2.3  Magnetic concentration analyses 
SIRM is mainly concentration related [29]. Our results 
show that prior to the 1980s, SIRM (normalized by the ice 
weight, Figure 5(a)) of the IM changes only slightly, and 
then grows rapidly. Therefore, the concentration of magnet-
ic minerals in the IM has increased significantly since 1980 
in the Nojingkangsang ice core. 
3  Discussion 
3.1  Source of the IM containing magnetic minerals 
Rock magnetic analysis indicates that magnetic minerals of 
insoluble microparticles are dominated by magnetite. How-
ever, the SEM results (Figure 6) of magnetic extraction do 
not show the existence of single magnetite particles. From 
the EDX results, there is a presence of some tiny (<5 m), 
less regular shaped particles that adhere to some particles of 
larger size (>63 m) and poorly-rounded clastic grains. Fe 
is the dominant element in the tiny particles. The other 
traceable amount of elements, such as Al, Si, Ca, and Na, 
reflect for the most part the background signal of clastic 
grains. Therefore, these tiny particles in the clastic grains 
are most possibly magnetic minerals (magnetite). 
The clastic grains, a component of dustfall, come from 
both natural sources (weathered material) and human activi-
ties associated with production. Previous researches have 
revealed that magnetic minerals produced by human activi-
ties are regular shape magnetite particles [31–33], which are 
not observed in this study. Furthermore, the change in the 
black soot carbon flux of this ice core (Figure 5(b)), corre-
lated with human pollution, which is irrelevant for SIRM. 
Therefore, the magnetic minerals in the IM seem to be of 
natural origin. 
The eaolian deposit will be gradually sorted along the 
transportation pathway. Accordingly, the debris from the  
 
 
Figure 4  Temperature dependence of magnetization (Ms-T curves) for selected samples. The arrows indicate heating and cooling runs respectively. (a) 
njgs2; (b) njgs12; (c) njgs24; (d) njgs12 (500–700°C); (e) njgs24 (500–700°C). 
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Figure 5  Correlations between SIRM and environmental indexes. (a) SIRM of IM, dashed line, represents a 5-year running mean of SIRM; (b) black 
carbon (BC) concentrations in Nojingkangsang ice core [22]; (c) Indian monsoon variability (www.tropmet.res.in); (d) annual precipitation from Nargaze 
station [40]; (e) temperature anomaly of the Northern Hemisphere (http://cdiac.ornl.gov); (f) temperature anomaly of the Tibetan Plateau [22]; (g) dust 
storm frequency of Lhasa station [37], Shenzha station [38], Shiquan River station [38], Tesdang [38], and the solid line represents the second-order poly-
nomial of the former. 
surrounding regions possesses a relatively large size and poor 
roundness. SEM results show that dust with magnetic miner-
als is mostly larger than 63 m and its roundness is poor. 
This indicates that the transport distance of the weathering 
debris is generally short, mostly from the surrounding region. 
Li [23] also found that there are some local source materials 
characterized with larger particle size and poor roundness.  
3.2  Mechanism for the increase of the concentration of 
magnetic minerals 
There are several possible mechanisms that may result in 
the changes in the concentration of magnetic minerals in ice 
core, including the Indian monsoon, the westerly winds, 
local circulation, and changes in the provenance of dust. 
From the view of synoptic dynamics, the transport of debris 
may be influenced by the atmospheric circulation. Both the 
monsoon and the westerly winds can bring weathering de-
bris to Nojingkangsang Glacier. Comparing the strength of 
the Indian monsoon (Figure 5(c), the data download from 
www.tropmet.res.in) and the variation in SIRM, we found 
that there is no relationship between monsoon variations 
and changes in magnetic content. Although the westerly 
winds have become stronger since the 1980s [34], there is  
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Figure 6  SEM and EDX for selected samples. 
no clear correlation between wind strength and the magnetic 
content at later times. Thus, we can exclude these variations 
in accounting for the fluctuations of the concentration of 
magnetic minerals in our studied ice core. 
Hu and Mitsuta [35] found that unsteady local circula-
tions caused by temperature increments are prone to trigger 
dust storms. When gale and dust storms occur, the 
coarse-grained debris particle can be deposited on the 
downstream slopes and adjacent areas [36]. Both meteoro-
logical observations and other reconstructed trends in dust 
storms based on weather station observations can be used 
for studying dust storm trends. First, dust storm records 
from four representative stations within the Tibetan Plateau 
were selected. Figure 5(g) shows the second-order polyno-
mial curves for each station: Lasha [37], Tsedang [38], 
Shenzha [38] and Shiquan River [38]. Results show that 
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these trends are overall consistent with peak values occur-
ring at ~1980. This pattern is irrelevant to that obtained 
from SIRM (Figure 5(a)). 
In addition, Sun et al. [39] found that correlations be-
tween dust storms and annual precipitation in northern Chi-
na are highly negative. Over the Tibetan Plateau, sand 
storms and gales have appeared more frequently in the mid-
dle of the last three decades, and less frequently at the start 
and end of this period, indicating a negative correlation with 
the variation of annual precipitation [38]. In general, a neg-
ative relationship seems to exist between dust storms and 
annual precipitation. According to meteorological data [40] 
from the adjacent Nargaze Observatory during the period 
1961–2000 (Figure 5(d)), the precipitation fluctuates which 
may induce the relevant reverse variation in sand storm 
frequency. For example, annual precipitation had fluctuated 
annually during 1960–1970, presenting an early increase 
and then a later decrease (Figure 5(d)). This may signify 
that sand storms have an early decreasing trend and then a 
later increase over this period, and thus gives rise to the 
corresponding changes in magnetic mineral concentration: 
viz. a decrease earlier in the 1960s and a subsequent in-
crease. As an indicator of magnetic mineral concentration, 
SIRM shows similar trends consistent with this deduction 
(Figure 5(a)). Overall, there is a negative correlation be-
tween annual precipitation and SIRM, which is better ex-
plained by the negative relationship between precipitations 
and sand storms. By integrating these two pieces of evi-
dence, we conclude that the frequency of sand storms is not 
the major cause for variations in magnetic mineral content, 
however, one cannot exclude the possibility that sand 
storms could play a regulatory role on the magnetic content 
over seasonal (or yearly) timescales. 
By contrast, the concentration of magnetic minerals in 
the IM is highly correlated with the temperature anomaly at 
both the hemispheric scale (Figure 5(e), data downloaded 
from http://cdiac.ornl.gov) and regional scale (Figure 5(f)) 
[22]. It is clear that the temperatures over the Tibetan Plat-
eau and the Northern Hemisphere show an evident increasing 
trend, especially after the 1980s. Based on the similar tem-
poral and spatial changes, the magnetic mineral concentra-
tions in the Nojingkangsang ice core could be significantly 
related with climate warming. Influenced by global/regional 
climate warming, many glaciers of the Tibetan Plateau have 
been retreating [41]. For example, on the basis of the re-
mote-sensing and GIS data, Ye et al. [42] studied the glacier 
variations in the Yamzhog Yumco basin and found that the 
total glacier area has decreased, so remarkable in the west 
where Nojingkangsang is situated. The retreat of the 
Nojingkangsang glacier results in the reduction of the cry-
oconite cover, and thus exposing more and more moraine 
deposit, which can be weathered under surrounding envi-
ronmental factors bringing magnetic minerals. Further, the 
transport distance of debris will be accordingly shortened by 
glacial retreat. Dust storms mainly occur in winter and early 
spring with a high frequency on the Plateau [36], when the 
coarse debris are raised and transported to the ice surface, 
and hence, the content of coarse grain dust is multiplied, 
that is, the magnetic mineral concentration increases. 
3.3  Comparison of the SIRM between the polar and 
the Tibetan ice cores 
Lanci et al. [17, 20] found that the SIRM value (normaliza-
tion with ice weight) is about 108–107 Am2 kg1 in the 
polar glacial ice core, whereas the SIRM value of Nojing-
kangsang (mountain glacial) ice core is about 107–106 
Am2 kg1, 1 or 2 orders higher than that of the former, 
which may be because of the dust content caused by the 
difference in distance from the dust source. The dust flux of 
the former is one order smaller than for the latter [12], and 
coarse grain-sized particles are comparatively rich in 
mountain glacial ice core, thus could increase the magnetic 
content so that the value of SIRM is higher in mountain 
glacial ice core. 
4  Conclusions  
The magnetic mineral records of the IM recovered from the 
Nojingkangsang Glacier on the southern Tibetan Plateau 
suggest that the dominant magnetic mineral is magnetite, 
and that the concentration of magnetic minerals has in-
creased since the last century, especially in the 1980s, cou-
pled with climate warming of Tibetan Plateau. We tenta-
tively interpret this as correlated with the retreat of glaciers 
around Nojingkangsang upon warming; this shortens the 
distance between the dust source area and the glaciers and 
thus increases the concentration of magnetic minerals. 
Therefore, the SIRM index of IM of this region mainly re-
flects the fluctuation in climate warming. This research in-
dicates that the magnetic properties of the IM in the ice core 
of this region are excellent paleoclimate proxies.  
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